Background and objectives Novel markers may help to improve risk prediction in CKD. One potential candidate is tissue advanced glycation end product accumulation, a marker of cumulative metabolic stress, which can be assessed by a simple noninvasive measurement of skin autofluorescence. Skin autofluorescence correlates with higher risk of cardiovascular events and mortality in people with diabetes or people requiring RRT, but its role in earlier CKD has not been studied.
Introduction
In the context of CKD, accumulation of advanced glycation end products (AGEs) has been identified as a novel risk factor for cardiovascular disease (CVD) (1) . AGEs are a heterogeneous group of compounds formed by the reaction of free amino groups on proteins, lipids, and nucleic acids with reactive carbonyl groups on reducing sugars. They accumulate by endogenous formation through nonenzymatic reaction over time (the Maillard reaction) or from reactive carbonyl products generated by oxidative stress (dicarbonyl stress). Accumulation also occurs from exogenous sources, principally food cooked at high temperature, and AGEs formed by smoking. In addition, AGEs are normally excreted by the kidneys and therefore, accumulate with decreased renal function (2) (3) (4) (5) (6) . In CKD, AGE accumulation may be exacerbated by increased formation, because dicarbonyl and oxidative stress are increased with reduced renal function, and there is increased availability of precursor compounds (such as oxidized ascorbic acid arising in people on hemodialysis) (7) . AGE formation is a marker of cumulative metabolic stress, adversely influencing the ageing process and development and progression of chronic disease across the life course (8) (9) (10) (11) .
Serum AGEs are subject to fluctuation and have been shown to be a poor indicator of AGE accumulation in tissue compared with skin biopsy (12) . Assessment of AGE accumulation in practice has been simplified by devices that measure skin autofluorescence (AF). AF allows for noninvasive assessment of tissue AGE deposition by exploiting the close correlation between collagen-linked fluorescence and AGE content observed in skin biopsies (13) . Skin AF measurement has been validated against levels of specific AGE molecules in patients with diabetes and CKD and healthy controls (14) (15) (16) (17) (18) . Increased skin AF is associated with AGE accumulation and development of a range of vascular complications as well as allcause and cardiovascular mortality in people with diabetes (14) (15) (16) (17) (18) . In people with end-stage kidney disease on dialysis, skin AF is associated with arterial stiffness (19) . Skin AF is also independently associated with cardiovascular and all-cause mortality in hemodialysis patients (20, 21) .
Potential for reversibility of AGE accumulation has been observed in patients moving from dialysis to renal transplant (22) . In earlier CKD, increased skin AF has been shown to be associated with a wide range of poor prognostic factors, including anemia, proteinuria, diabetes, age, and eGFR, in cross-sectional analysis (2) . Dietary modification to reduce exogenous AGEs may be important (4) . However, the relationship between elevated skin AF and subsequent adverse outcomes in earlier stages of CKD is not yet known. In this cohort study of people with CKD stage 3 in primary care, we aimed to evaluate the association between skin AF and all-cause mortality.
Materials and Methods

Participants
Participants were recruited from 32 general practitioner surgeries for the Renal Risk in Derby (RRID) study, a prospective cohort study of CKD stage 3 in a primary care setting. Detailed methods for the RRID study have been published elsewhere (2) . Eligible participants were 18 years or over, met the Kidney Disease Outcomes Quality Initiative criteria for CKD stage 3 (eGFR=30-59 ml/min per 1.73 m 2 on two occasions at least 3 months apart, including the most recent value before the baseline visit), were able to attend their general practitioner surgery, and gave informed consent. People with previous transplant or terminal illness were excluded. Screening and baseline visits were combined because of the large proportion of elderly participants and the logistical challenges of conducting study visits in multiple primary care centers. First study visits occurred from August of 2008 to March of 2010. The questionnaire information was checked, anthropomorphic measurements were taken, urinalysis was performed, and blood specimens were taken. All participants provided written informed consent. The study was approved by Nottingham Research Ethics Committee 1 and included on the National Institute for Health Research Clinical Research Portfolio (Study ID 6632).
Definitions
Previous cardiovascular event was defined as participantreported myocardial infarction, stroke, transient ischemic attack, revascularization, or amputation caused by peripheral vascular disease or aortic aneurysm. Smoking status was categorized as never smoked, ex-smoker, and current smoker. Socioeconomic status (SES) was defined by two methods. The first method was the Indices of Multiple Deprivation score, a social deprivation score comprising a composite measure of seven domains that show a strong relationship to health in all geographical locations (23) . The second method was self-reported education status, an important indicator of SES in elderly populations (24) . Education status was categorized into three groups (1, no formal qualifications; 2, school or equivalent qualifications; 3, degree or equivalent). Self-reported ethnicity information was collected. Because of the small number of nonwhite participants in this study, it was categorized into white and other for analysis. eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (25) . Albuminuria was defined as the albumin-to-creatinine ratio (uACR)$2.5 mg/mmol in men and uACR$3.5 mg/mmol in women in at least two of three urine specimens. uACR was fitted as a continuous variable in regression analyses as log of the mean of three uACR values. Body mass index (BMI) was calculated from weight in kilograms divided by height squared in meters. Central obesity was defined as a waist-to-hip ratio of $0.9 for men or $0.8 for women (26) . Diabetes was defined by self-report of having a previous clinical diagnosis in line with World Health Organization criteria (27) .
Skin AF
Skin AF was assessed on the left forearm using an AGE Reader device (DiagnOptics, Groningen, The Netherlands). Three readings were taken, and the average was calculated. Care was taken to avoid areas of skin that were tattooed or colored with cosmetics, were heavily freckled, or had vessels near to the surface of the skin. It was not possible to conduct skin AF readings on very dark or black skin. According to the manufacturer, the AGE Reader and its software have been validated in patients with skin reflection.6% (Fitzpatrick classes 1-4). In patients with darker skin color (Fitzpatrick classes 5 and 6 [dark brown or black]), a correction is made to the skin AF value if the ultraviolet reflectance is between 6% and 8%. If ultraviolet reflectance is below 6%, the AGE Reader gives a warning that the signal is too low for valid results. Skin AF measurement is not operator-dependent. Values are expressed in arbitrary units (AU). Coefficient of variation for 10 skin AF readings obtained on a single patient by single operator was 7%. Ten readings performed by 10 different operators yielded a coefficient of variation of 8% (2) . A single device was used for all of the skin AF measurements in the study. This device was maintained and calibrated by the manufacturer according to their recommendations.
Outcomes
Participants were registered with the Health and Social Care Information Centre to obtain date and cause of death. The observation period was from the date of recruitment to February 24, 2013. Cause of death was as recorded on the death certificate. Causes of death were independently reviewed by three investigators and classified as cardiovascular, cancer, infection, or other. Classification differences were resolved by discussion.
Statistical Analyses
Variables are reported as the mean and SD if normally distributed or the median and interquartile range if not normally distributed. Chi-squared tests for trend (for categorical variables) and one-way ANOVAs (for continuous variables) were used to compare variables across quartiles of skin AF. A Kaplan-Meier plot was used to compare all-cause mortality by quartile of skin AF. Cox regression models were developed with skin AF fitted as a categorical variable (quartiles) with subsequent addition of sociodemographic (age and sex) and then clinical variables (CVD, diabetes, hypertension, smoking, BMI, central obesity, total-to-HDL cholesterol ratio, eGFR, uACR, and hemoglobin). Skin AF was treated as a categorical variable because of a nonlinear relationship being identified between skin AF and allcause mortality. The final model included variables with a P value ,0.10 on univariate analysis. The primary outcome was all-cause mortality. Interactions between skin AF and diabetes were assessed because of the potential for differential variation of skin AF by diabetes status (18) . Despite meeting the inclusion criteria (and therefore, having a clinical diagnosis of CKD stage 3), some participants were found to have baseline eGFR$60 ml/min per 1.73 m 2 (possibly because of strict meat-fasted status being observed before the baseline measurement). Sensitivity analyses were, therefore, conducted in only those participants whose baseline eGFR was ,60 ml/min per 1.73 m 2 . Sensitivity analyses were also conducted with cardiovascular mortality as the outcome of interest. SPSS version 19.0 was used for analysis, and P,0.05 was considered statistically significant.
Results
Of 1741 people recruited to the RRID study, 1707 (98%) people had valid measures of skin AF; 34 participants were excluded, because skin AF readings could not be obtained because of dark skin color (n=17) or technical failure (n=17). Despite meeting the inclusion criteria, 410 (24%) participants had eGFR$60 ml/min per 1.73 m 2 at baseline (mean eGFR at baseline in this group=68.4; SD=6.1). The study population was predominantly white (.98%) and elderly (67% over 70 years old), and a high proportion met the study criteria for hypertension (88%). Table 1 shows the baseline characteristics. Mean skin AF was 2.73 AU (SD=0.61), and skin AF was normally distributed.
Overall mean follow-up time was 3.660.8 years (13176287 days); 170 (10%) participants died in the follow-up period, and 1537 (90%) participants remained alive. Those participants who died tended to be older, be men, have fewer educational qualifications, have a history of smoking, and have CVD and/or diabetes. The skin AF of people who died tended to be higher than the skin AF of people who did not die (mean=3.060.8 versus 2.760.6 AU, respectively). The most common cause of death was CVD (41%) followed by cancer (29%).
The prevalence of several risk factors for death increased across quartiles of skin AF (Table 1) , and a Kaplan-Meier plot showed significantly poorer survival in people in the highest quartile of skin AF (log rank=32.3, P,0.001) (Figure 1) . On univariate analyses, skin AF, men, age, history of CVD, diabetes, smoking (current or previous), decreasing eGFR, albuminuria, and lower hemoglobin were associated with increased risk of all-cause mortality. After age/sex adjustment, the relationship between skin AF and all-cause mortality was attenuated (from 2.64 [95% confidence interval (95% CI), 1.71 to 4.08] to 1.84 [95% CI, 1.18 to 2.86]; P=0.003) for the highest compared with the lowest quartile of skin AF.
Age, history of CVD, decreasing eGFR, and albuminuria remained significantly associated with increased risk of allcause mortality in the final model, but skin AF did not ( Table 2) . No associations were identified between SES and either all-cause or cardiovascular mortality. No interactions were identified. One-way ANOVA (P,0.05).
c Log uACR used as uACR not normally distributed. One-way ANOVA (P,0.05). Sensitivity analyses, including only people with baseline eGFR,60 ml/min per 1.73 m 2 (n=1297), showed no significant differences from the associations identified in the whole study population. Examining the relationship between skin AF and cardiovascular mortality (n=69) in the whole study population showed a univariate association with skin AF (hazard ratio, 2.09; 95% CI, 1.08 to 4.05; P=0.04) for the highest compared with the lowest quartile of skin AF. After adjustment for age, sex, CVD, diabetes, smoking, BMI, eGFR, albuminuria, and hemoglobin, there was a similar loss of association between skin AF and cardiovascular mortality as for all-cause mortality (skin AF: hazard ratio, 2.11; 95% CI, 0.95 to 4.71; P=0.09) for the highest compared with the lowest quartile of skin AF.
Discussion
This cohort study of people with CKD has shown that higher levels of skin AF were associated with all-cause mortality but that this association was lost after adjusting for established risk factors, including eGFR and uACR. A similar relationship was seen for cardiovascular mortality (although the smaller numbers of events limited power). To our knowledge, this study is the first investigation of the association of skin AF with mortality in early to moderate CKD.
It has been suggested that AGEs may have an important role in the pathogenesis of heart failure and other cardiovascular disorders (28) . In support of this suggestion, an association has been shown between AGE accumulation measured as skin AF and peripheral arterial disease independent of diabetes status, and increasing AGEs (measured as serum pentosidine) have been associated with poor prognosis in people with heart failure (29, 30) . In the context of CKD, Hartog et al. (16) showed correlation between skin AF and poorer diastolic function in a crosssectional study of peritoneal dialysis and hemodialysis patients, and Meerwaldt et al. (20) identified independent associations between skin AF and cardiovascular as well as all-cause mortality in a prospective cohort of 109 patients on hemodialysis. Our findings in a larger prospective cohort of people with earlier CKD do not support the finding of an independent association between skin AF and mortality. In the baseline analysis of this cohort, independent associations were shown between skin AF and several cardiovascular and renal progression risk factors, including age, eGFR, and uACR (2) . In these follow-up analyses, we have shown an association between all-cause mortality and skin AF, but it was not maintained independently from these known risk factors. Additional research is required to evaluate whether AGE accumulation represents a mechanism whereby CKD contributes to the pathogenesis of CVD. Risk factors for CVD and CKD progression are more prevalent in lower SES groups (31) . Although we showed associations between SES and increased cardiovascular risk at baseline (31), we did not detect associations between mortality and measures of SES in these follow-up analyses.
There are several proposed mechanisms by which AGE accumulation may influence mortality (28) .
First, AGEs cross-link extracellular matrix proteins, a mechanism that may be implicated in the development of arterial stiffness associated with old age and diabetes (32, 33) .Second, AGEs cross-link intracellular proteins, altering their physiologic function. For example, AGEs affects cardiomyocyte function by altering intracellular protein function in animal models (34, 35) . Third, AGEs bind to cell membrane receptors (particularly the cell receptor for AGEs) and may induce several intracellular cascades, resulting in the release of cytokines (9), inflammation (36), tumor growth (37), neurodegenerative processes (38) , and amyloidosis (39) . The cell receptor for AGEs has also been implicated in CKD and CVD pathogenesis, and it is associated with arterial stiffness (10) (11) (12) . Although the details of many such pathophysiological mechanisms have not yet been fully elucidated, these examples suggest that AGEs may influence both cardiovascular and non-CVD processes and mortality.
People with CKD stage 3 represent the majority of the CKD population but are a heterogeneous group with respect to the associated risks of GFR decline, CVD, and death. Current risk stratification models, such as the model proposed by Tangri et al. (40) , are potentially useful for prediction of CKD progression but less useful for cardiovascular risk and all-cause mortality predictions. When considering cardiovascular risk, for United Kingdom populations, the QRisk2 score seems to achieve better predictive accuracy for CVD than the Framingham score by incorporating other comorbidities, including CKD (although CKD is treated as a simple dichotomous variable in QRisk2) (41, 42) . Use of skin AF has been proposed as a tool to aid the identification of people at risk of complications in diabetes (17, 43) . Although improved cardiovascular risk prediction in people with CKD would help target interventions, such as statins, our study does not provide evidence to support such use of skin AF in CKD stage 3.
Our study has several limitations. Skin AF cannot currently be assessed in people with dark skin, which represents a significant number of patients with CKD, particularly in the United States. A method has been proposed for calculating skin AF independent of skin color, and it may be an important area of investigation for future research (44) . This study was an observational study, and we are cautious in ascribing any causal relationship to these results. In addition, our primary outcome was all-cause mortality, and our findings in relation to cardiovascular mortality should be interpreted with caution. Finally, we have not examined the relationship between skin AF and nonfatal CVD events at this stage of follow-up.
In this prospective cohort of people with CKD stage 3, skin AF was associated with all-cause mortality, but this association was lost after adjustment for other known risk factors. Additional research is needed to clarify whether skin AF has a role in improving mortality and cardiovascular risk prediction in CKD.
This study was presented in abstract form at the American Society of Nephrology Kidney Week in Atlanta, GA, on November 7-10, 2013 ("Skin Autofluorescence: A Non-Invasive Test to Improve Mortality Risk Prediction in Chronic Kidney Disease Stage 3").
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